Many organic molecules form colloidal aggregates in aqueous solution at micromolar concentrations. These aggregates promiscuously inhibit soluble proteins and are a major source of false positives in highthroughput screening. Several drugs also form colloidal aggregates, and there has been speculation that this may affect the absorption and distribution of at least one drug in vivo. Here we investigate the ability of drugs to form aggregates in simulated intestinal fluid. Thirty-three Biopharmaceutics Classification System (BCS) class II and class IV drugs, spanning multiple pharmacological activities, were tested for promiscuous aggregation in biochemical buffers. The 22 that behaved as aggregators were then tested for colloid formation in simulated intestinal fluid, a buffer mimicking conditions in the small intestine. Six formed colloids at concentrations equal to or lower than the concentrations reached in the gut, suggesting that aggregation may have an effect on the absorption and distribution of these drugs, and potentially others, in vivo.
Early drug discovery suffers from a high rate of false positives. This problem is particularly acute in high-throughput screening. [1] [2] [3] [4] [5] Many of these false positive "hits" are attributed to promiscuously inhibiting colloidal aggregates, which are spontaneously formed by many organic molecules in aqueous solution. [6] [7] [8] [9] Once formed, these aggregates nonspecifically inhibit protein by sequestration and partial denaturation. 2, 10 Originally considered a problem of screening, it became apparent that most classes of bioactive organic small molecules could form colloidal aggregates at micromolar concentrations. In succession, it was shown that probe molecules such as kinase inhibitors, [11] [12] [13] natural products such as quercetin 2 and adociasulfate-2, 9 and even drugs such as nicardipine, delavirdine, clotrimazole, and cinnarizine 14, 15 could form colloids. As disconcerting as it was to find aggregating drugs, this was thought to be a problem relevant only for screening conditions in biochemical buffers and not for in vivo effects.
Subsequently, however, Arnold, Janssen, and colleagues argued that aggregation may indeed affect the distribution of oral drugs in vivo. [16] [17] [18] After observation that some hydrophobic non-nucleoside reverse transcriptase inhibitors (NNRTIs a ) showed surprisingly high bioavailability in vivo, their pharmacokinetic and physiochemical properties were investigated. [16] [17] [18] Many compounds from the diaryltriazine/ diarylpyrimidine classes of NNRTIs were shown to aggregate in gastric-mimicking conditions, with a distinct particle size difference between highly and poorly absorbed compounds (radii from 30 to 100 nm and >250 nm, respectively). 16, 18 A model of aggregate absorption into the lymphatic pathway via microvilli (M) cells in Peyer's patches in the small intestine was proposed. To test this hypothesis in vivo, the diarylpyrimidine dapivirine was administered orally to dogs, and drug concentrations in the lymph fluid and plasma were compared; at 2 h, the lymph concentration was 3 times that of plasma, consistent with primary absorption via the lymphatic system, perhaps as colloidal aggregates. 18 In response to these findings, experiments were conducted to show that colloidal aggregates are unperturbed by high concentrations of protein as found in biological environments, supporting the idea that stable colloid formation may be possible in vivo. 19 Two questions emerge from these observations. First, how many drugs aggregate in conditions encountered in the GI tract? Second, how would such aggregation affect their absorption and distribution? The second question is challenging to address, but as a preliminary step, it seemed useful to investigate the ability of a broad range of oral drugs, mostly BCS class II and class IV low solubility drugs, to aggregate in a buffer simulating the conditions of the small intestine. Thirty-three marketed oral drugs, covering many biological activities, were first tested for aggregation in biochemical buffers by measuring particle formation and aggregation-based inhibition. Those that formed colloids were then tested for aggregation in fed state simulated intestinal fluid (FeSSIF). Drugs were assayed for particle formation up to concentrations that would be found in the gut following oral administration. To test whether the particles detected by light scattering share the same properties as previously characterized colloidal aggregates, 2, 14, 15 sedimentation assays were conducted and aggregates were visualized by transmission electron microscopy. We consider the implications of these observations and the further studies on actual in vivo distribution that they suggest.
Results
Thirty-three diverse oral drugs were tested for colloid formation in biochemical buffers ( Figure 1 solubility drugs with high ClogP values, as they are more prone to aggregation than high solubility drugs. 15 We also tested methylene blue, a dye used in several clinical indications and now in clinical trials for treatment of Alzheimer's disease. [20] [21] [22] Two criteria were used to characterize colloid-forming drugs: particle formation and detergent-reversible enzyme inhibition. 7, [23] [24] [25] Drugs were tested up to concentrations that would be found in the small intestine after oral administration. These concentrations were calculated using maximum dosage information and assuming a small intestine volume of 1 L. [26] [27] [28] We note that this volume is among the higher estimates, with recent studies reporting volumes closer to 300 mL or even lower. [29] [30] [31] [32] Thus, we believe these concentrations to be conservative to the low side. Particle radii were measured by dynamic light scattering (DLS), and IC 50 values were measured against cruzain in the presence and absence of Triton X-100. The cruzain inhibition assay was used instead of the classical aggregation-based AmpC β-lactamase inhibition assay because the fluorogenic reporting system allows for a more efficient high-throughput setup. Several compounds were limited by solubility in the cruzain assay; in these cases, inhibition never reached 50%, and the IC 50 values were reported as greater than the highest soluble concentration tested. Of the 33 drugs assayed, 22 drugs formed colloids in biochemical buffers (Table 1, Figure 1 ). Drugs classified as noncolloid formers did not meet one or both criteria for colloid formation.
To investigate whether colloid-forming drugs can also form aggregates under in vivo-like conditions, we tested the 22 drugs in fed state simulated intestinal fluid (FeSSIF), a buffer widely used for drug dissolution studies. 27, [33] [34] [35] FeSSIF is designed to mimic the conditions in the small intestine following meal ingestion. This biorelevant medium differs from the buffer used by Frenkel et al. to investigate aggregate formation by NNRTIs. Whereas their group simulated gastric conditions, 16 we simulated intestinal conditions to more closely resemble the environment of potential aggregate absorption via Peyer's patches located in the small intestine. 27, 28 Particle formation in FeSSIF was measured by DLS. Six drugs (18% of total drugs included in this study, 27% of colloid formers in biochemical buffers) formed particles in FeSSIF at concentrations substantially lower than would be present in the gut following oral administration ( Table 2 ). Because of the high content of taurocholate, FeSSIF contained micelles that add to the light scattering measured by DLS. To verify that colloidal particles were distinguishable from this background, standard calibration beads (r=200 nm) were diluted in FeSSIF and light scattering was measured. As seen in Figure 2C , the bead-containing samples exhibited strong autocorrelation curves of a clearly different shape than FeSSIF without beads. The six drugs that aggregated in FeSSIF showed strong curves similar to the bead-containing samples and distinct from FeSSIF background, consistent with the presence of colloidal aggregates ( Figure 2B ).
To ensure that the large particles observed by DLS were indeed colloidal aggregates, their properties were compared to previously characterized aggregates. A distinguishing characteristic of colloidal aggregates is their critical aggregation concentration (CAC) at which colloids will form; compound below that CAC will remain in true solution in monomeric form. Upon centrifugation, the colloids will be pelleted out of solution while the monomeric molecules will remain in the supernatant.
2,14 Samples of itraconazole (35 μM, 0.35% DMSO) and delavirdine (750 μM, 3% DMSO) in FeSSIF were centrifuged; their CAC values are 6.9 ( 1.9 and 488.3 ( 31.0 μM, respectively. Consistent with the formation of colloidal aggregates, these drugs were pelleted out of solution in FeSSIF in a CAC-dependent manner as demonstrated by the percent of each drug collected in the pellet (Figure 3) .
Additionally, colloid formers have been shown to interact directly with protein in biochemical buffers. 2, 10 To investigate whether or not this interaction also occurs in FeSSIF, we analyzed β-lactamase cosedimentation with colloid forming drugs. Itraconazole and delavirdine were incubated with 2 μg of β-lactamase in FeSSIF and centrifuged to pellet colloids out of solution. If β-lactamase binds to the colloid surface, the protein will be pelleted with the drug, whereas unbound protein will remain in the supernatant. The large amount of protein in drug-containing pellets (lanes 6 and 9) versus β-lactamase alone (lane 3) indicates that colloids do bind protein in FeSSIF ( Figure 4 ). Pellets of drug samples without protein were included in the SDS-PAGE gel (lanes 4 and 7) to ensure that drug alone did not cause background in the silver staining.
If drugs form colloids in FeSSIF, they should be visible by transmission electron microscopy and distinguishable from precipitate, which would appear microcrystalline in structure. We compared aggregates of itraconazole, delavirdine mesylate, and methylene blue in phosphate buffer to those formed in FeSSIF ( Figure 5 ). Though there are strong backgrounds of phospholipid structures in the FeSSIF samples, the colloidal aggregates are readily visible over this background. By shape and general appearance, the particles in FeSSIF resemble their counterparts in phosphate buffer, as well as previously published micrographs of aggregating compounds, 2, [16] [17] [18] and are clearly not in a precipitated form. The colloids formed in FeSSIF are visibly smaller than those formed in phosphate buffer, complementing the results obtained by light scattering.
Discussion
Oral drugs have stringent solubility and permeability constraints, 36 and so it may seem baffling that so many form colloidal aggregates in simple buffers or that any do so in simulated intestinal fluid. Nevertheless, those are the central observations of this study. Of the 33 drugs tested, 22 aggregated at relevant concentrations in phosphate buffer (67%) and 6 did so in FeSSIF (18% of total drugs tested; 27% of colloid formers). Admittedly, these oral drugs were chosen for their low solubility BCS classifications; thus, we were examining a biased set. Also, the earlier work by Arnold, Janssen, and colleagues on the diarylpyrimidine NNRTIs [16] [17] [18] and our own studies on drug aggregation 15 suggested that it was at least plausible that some drugs would behave this way. That so many did so, across pharmacological classes, surprised us. Since aggregation is concentration and condition dependent, this behavior and its implications merit close scrutiny.
Many of the drugs studied here, like imatinib, celecoxib, amiodarone, and meclizine, are household names and have been taken by hundreds of millions of people. In phosphate buffer there is little doubt that they form colloidal aggregates. They scatter light intensely by DLS, with well-formed autocorrelation curves consistent with particle sizes in the 100-500 nm size range (Figure 2A ), as has been observed previously for other classes of molecules. They inhibit the reporter enzyme cruzain 24 at low to mid-micromolar concentrations, and this inhibition can be reversed with low concentrations of the nonionic detergent Triton X-100 (Table 1) . This has two implications. First, panels of drugs are often first choices when screening against a new target because they are expected to have good physiochemical properties and because they are informationrich molecules. Whereas this logic remains sound, a lesson from this study is that they offer no panacea; drugs and other biomolecules 24 can form colloidal aggregates under screeningrelevant conditions, and when they do so, they are prone to induce screening artifacts. Second, aggregation in the intestine may be more common even than what we describe here. We have used conservative estimates for the maximum concentration reached by drugs in the intestine, assuming a 1 L volume for this compartment. Had we chosen lower volumes, as recently reported, [29] [30] [31] [32] the maximum concentration would have been higher and so their likelihood of aggregating. For instance, drugs like candesartan, clofazimine, and fenofibrate, which do not aggregate in FeSSIF at the lower concentrations used here, begin to do so at higher concentrations (Supporting Information Table 2 , Supporting Information Figure 1) .
Colloid formation in simulated intestinal fluid is harder to assay, largely because of the presence of the detergent-like taurocholate, and since this is the most interesting conclusion of this study we will reprise the observations that support it. Whereas the FeSSIF adds to background light scattering, the DLS curves for the six aggregating drugs in that medium remain clear: the autocorrelation curves are well formed and distinctive from FeSSIF background ( Figure 2B ). Intriguingly, the radii of the particles are diminished in FeSSIF versus phosphate, consistent with the FeSSIF affecting their character and moving them into a size range where they might be better absorbed by particle-detecting cells of the Peyer's patch, as first suggested by Arnold, Janssen, and colleagues. 16 As with well-studied, "classical" colloid formers, such as tetraiodophenolphthalein and nicardipine, drugs like itraconazole and delavirdine may be pelleted out of FeSSIF by centrifugation when they reach concentrations above their CAC, whereas they cannot be pelleted out when below their CAC values. Additionally, these pelleted colloids can pull protein down with them, which indicates a direct colloid-protein interaction, as previously demonstrated. 2 Finally, drugs like itraconazole, delavirdine, and methylene blue form distinct spheroid particles, in the 100 nm size range, by negative staining transmission electron microscopy. Although these particles must be disentangled from a background of lipid/detergent structures in FeSSIF, this may be done without strain, as the lecithin and taurocholate form thin layers of lipid/detergent structures while the drug colloids stand out by their dimensionality, shape, and size. Taken together, these observations leave little room for doubt that 6 of the 33 drugs studied here, delavirdine, etravirine, itraconazole, menatetrenone, methylene blue, and tocopherol, form colloidal aggregates in a medium widely accepted to mimic the fed state of the small intestine.
Certain caveats, codicils, and conditions merit airing. We have shown that six drugs form colloids in FeSSIF at concentrations likely to be reached at or below their highest administered dose, taking a conservative (high) estimate of fed-state small intestine volume, and another three drugs do so at higher concentrations. Still, it remains true that many do not form colloids in FeSSIF, even from the biased group of oral drugs from which the 33 were drawn. We do not argue that this effect applies to most drugs or even, at least at this stage, very many. Our results do not, at this point, suggest even a physical SAR around which drugs might aggregate in FeSSIF. Whereas low solubility BCS class II and class IV oral drugs, from which most of those tested here were drawn, seem more likely to aggregate under these conditions, those that did so in FeSSIF span a wide range of ClogP values and molecular weights, with both the most lipophilic (menatetrenone and tocopherol) and the most hydrophilic (delavirdine and methylene blue) and several in the midrange forming colloids, while physically related compounds do not. Nor do we pretend, even for the six drugs that do aggregate in FeSSIF, that this means they do so in the intestine; far less have we shown that they are absorbed as colloidal particles into systemic, lymphatic circulation. Doing so will demand more detailed, physiologically relevant studies in animals. What this study does sustain is the reasonability of this hypothesis, first aired by others, 16, 18 for some oral drugs. Certainly the observation that these six drugs form colloidal aggregates in simulated intestinal fluid is strongly supported by multiple lines of evidence. If drugs do form colloids in the small intestine, it could affect their absorption and distribution, either by delaying these processes or by changing distribution sites and time courses. It goes without saying that these are critical aspects of drug pharmacokinetics and efficacy. A key result of this study is that the drug aggregation in the small intestine remains a reasonable hypothesis, and its effects on drug behavior would be so fundamental as to merit further study in physiologically relevant systems.
Materials and Methods
Materials. Cruzain was expressed and purified as previously described. 37 Duke Standards NIST traceable polymer microspheres, 200 nm in diameter, were purchased from Thermo Scientific. Amiodarone hydrochloride, cinnarizine, clofazimine, fenofibrate, menatetrenone, methylene blue, nicardipine hydrochloride, (()-R-tocopherol nicotinate, triclabendazole, chlorpromazine hydrochloride, hydroxyzine dihydrochloride, nicergoline, taurocholic acid sodium salt hydrate, and L-R-lecithin (from egg yolk) were purchased from Sigma-Aldrich. Celecoxib, clopidogrel sulfate, imatinib, itraconazole, manidipine, candesartan cilexetil, eprosartan mesylate, irbesartan, loratadine, lovastatin, telmisartan, and valsartan were purchased from AK Scientific. Pranlukast, raloxifene hydrochloride, and simvastatin were purchased from US Biological. Delavirdine mesylate was purchased from BIOMOL International, meclizine dihydrochloride from MP Miomedicals, cilostazol from Bosche Scientific, LLC, gefitinib from LC Laboratories, iopanoic acid from TCI American, and nelfinavir from Ryan Scientific. Most of the drugs chosen for this study were BCS class II and class IV drugs with ClogP values greater than 3.5.
FeSSIF Preparation. Blank FeSSIF was prepared by adding 8.65 g of acetic acid and 15.2 g of potassium chloride to deionized water. Sodium hydroxide was added until pH 5.0 was reached. Full media were prepared fresh each day. Blank FeSSIF was filtered through a 0.22 μm filter, and sodium taurocholate and lecithin were added to 15 and 3.75 mM, respectively, and dissolved by heating to 37°C and vortexing.
Dynamic Light Scattering. Concentrated DMSO stocks of drugs were diluted with filtered 50 mM KPi, pH 7.0, or FeSSIF. The final DMSO concentration was 1% unless otherwise noted. Measurements were made using a DynaPro MS/X (Wyatt Technology) with a 55 mW laser at 826.6 nm. The laser power was 100%, and the detector angle was 90°. Each diameter value reported represents the average of three or more independent measurements at room temperature. The compositions of samples in phosphate buffer in Figure 2 are 10 μM tocopherol nicotinate, 1% DMSO; 10 μM etravirine, 1% DMSO, 100 μM delavirdine, 0.5% DMSO, 1 μM menatetrenone, 0.01% DMSO, 1 μM itraconazole, 0.04% DMSO, and 30 μM methylene blue, 0.06% DMSO; and in FeSSIF are 100 μM tocopherol nicotinate, 0.4% DMSO, 150 μM etravirine, 0.6% DMSO, 600 μM delavirdine, 3% DMSO, 5 μM menatetrenone, 1% DMSO, 20 μM itraconazole, 0.2% DMSO, and 200 μM methylene blue, 2% DMSO. Figure 5 shows results from 600 μM clofazimine, 6% DMSO; 550 μM candesartan cilexetil, 2.75% DMSO; and 450 μM fenofibrate, 1.8% DMSO.
Cruzain Assay. Cruzain assays were performed in 100 mM sodium acetate, pH 5.5, containing 5 mM DTT. Triton X-100 was added to 0.01% or 0.1% in reaction mixtures as needed. Drugs were incubated with 0.8 nM cruzain for 5 min until reactions were initiated by adding the fluorogenic substrate Z-PheArg-aminomethylcoumarin (Z-FR-AMC). The final reaction volume was 200 μL with cruzain at 0.4 nM and ZF-R-AMC at 2.5 μM. Final DMSO concentrations were generally 0.5% and no greater than 5%, depending on the range of the drug concentration investigated. To measure enzyme inhibition, the increase in fluorescence (excitation wavelength of 355 nm, emission wavelength of 460 nm) was recorded for 5 min in a microtiter plate spectrofluorimeter (Molecular Devices, FlexStation). Assays were performed in duplicate in 96-well plates, with controls measuring enzyme activity in the presence of DMSO. Activity was measured for at least seven different concentrations for each drug. Dose-response curves were plotted, and IC 50 values and corresponding 95% confidence intervals were calculated using GraphPad Prism 4 (GraphPad, San Diego, CA), using a sigmoidal dose-response curve analysis with variable slope and the bottom constrained to be greater than zero.
Sedimentation Assay. Solutions of nicardipine (60 μM, 1% DMSO), itraconazole (35 μM, 0.35% DMSO), and delavirdine mesylate (750 μM, 3% DMSO) were prepared by diluting concentrated DMSO stocks into 50 mM KPi, pH 7.0, or FeSSIF, with a final volume of 1 mL. Samples were centrifuged at 16000g for 1 h at room temperature. Delavirdine mesylate was centrifuged at 76000g for 1 h. Supernatants were removed and pellets (bottom 10 μL) were resuspended to 1 mL with DMSO or methanol. UV-visible spectrophotometry was used to determine the concentration of compound in the supernatant and the resuspended pellet. Absorbance was measured at 352 nm for the nicardipine supernatant in phosphate buffer (ε = 4.6 Â 10 3 M -1 cm ). Bars in Figure 3 represent the mean and standard deviation of at least three replicate measurements.
Cosedimentation Assay. Solutions of itraconazole (200 μM, 2% DMSO) and delavirdine mesylate (700 μM, 3% DMSO) were prepared as above in FeSSIF, with additional samples also including 2 μg of AmpC. Samples were centrifuged at 16000g for 30 min at room temperature. After removal of all supernatant liquid, pellets were resuspended with 5 μL of DMSO plus 5 μL of 50 mM KPi, pH 7.0, and run on an SDS-PAGE gel. Protein was detected using silver staining.
Negative Staining and Transmission Electron Microscopy. Solutions were prepared by diluting concentrated DMSO stocks of drugs with FeSSIF. The negative staining was performed as previously described. 38 In brief, negative staining was done on formvar/carbon coated 200 mesh copper grids (Ted Pella, Inc.; Redding, CA) which were glow discharged prior to staining. Then 5 μL samples were adsorbed for ∼30 s and the grids were stained with 2 drops (50 μL) of freshly filtered 2% ammonium molybdate. After drying, the samples were viewed in a FEI Tecnai F20 electron microscope (Eindhoven, The Netherlands) at 80 kV and a standard magnification of 25 000. Electron micrographs were recorded with a Gatan Ultrascan CCD camera. The magnification was calibrated using negatively stained catalase crystals and ferritin. Figure 5 shows 50 μM itraconazole, 0.5% DMSO, 100 μM methylene blue, 0.2% DMSO, and 200 μM delavirdine mesylate, 0.2% DMSO in 50 mM phosphate; and
